CHAPTER 2
THE MATTER OF LIFE AND DEATH
“Material things I touch and taste and see, all other things
are immaterial to me”.
A. Bierce

What is the difference between living and inanimate matter? Intuitively, we are confident that we can easily tell the difference between
them. But, with the rapid increase in computer technology, could it happen
that artificial intelligence one day will effectively mimic aspects of human
reasoning and behavior? Such scenarios have already been presented
in science fiction, where humans had to deal with a supercomputer
“Hal” in 2001, a Space Odyssey, or with lifelike robots in the tale The
Stepford Wives. What criteria would we use in deciding that those
moving and talking mannequins were lifeless after all?
Paul Weiss, a well-known biologist, wrote a tongue-in-cheek piece
entitled “Life on Earth (by a Martian)”.1 In this story, some Martians
came to visit Earth in search of life. After lengthy and careful observation
of our planet, they concluded that life did indeed exist here, and furthermore, one life form was predominant. They named it the “Earthian”
and faithfully chronicled its every particular. Apparently the Earthians
had intricate symmetrical bodies; they moved, emitted heat and sounds,
and ate (mostly liquid food). Sometimes they divided, and they eventually
died. Which organism did the Martians observe and describe? Automobiles, of course! (The Martians also noticed some rather unimpressive
structures associated with the Earthians, and they concluded that these
were some sort of parasites, unworthy of further study.)
Our capacity to determine whether or not an entity is alive is limited
by our previous experiences with living organisms. If we landed on a
new planet, we could find it difficult to decide whether or not life was
present.
LOOKING FOR LIFE ON MARS

In the 1970s the United States sent two automated laboratories to
Mars to determine if living organisms existed there. The results of the
biology experiments strongly suggested some kind of biological activity
on Mars. Carbon dioxide was released when a nutrient-rich liquid mixture
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was incubated with a scoop of Martian soil. In an Earth-based laboratory,
the results would have constituted compelling evidence for the presence
of life. Yet scientists interpreting the data which was radioed back from
Mars were forced to conclude that in all likelihood Mars was sterile.
The reason was that chemical analyses of the Martian surface indicated
the complete lack of carbon-containing substances, other than the gas
carbon dioxide.2 Now we know that the iron-rich surface, activated by
ultraviolet radiation, degraded the radioactive test substances, resulting
in false chemical signals. This is an example of carefully designed experiments, aimed at distinguishing between the presence or absence of life
on the red planet, that were not quite equal to the task.
IS THERE A DIFFERENCE BETWEEN LIVING
AND NONLIVING MATTER?

There are those who see an unbroken continuum between living
and nonliving matter. If this is so, the question of life’s origin becomes a
moot point. Viruses, prions, mycoplasmas, rickettsiae and chlamidiae
are offered as examples of organisms that bridge the chasm between
living and nonliving. But the differences between living and nonliving
matter are in fact so great that this chasm cannot be spanned.
Although viruses and prions are made from biopolymers, they are
no more alive than the enzyme additives in some detergents. Viruses
are lifeless complexes of proteins and nucleic acids. The biological activity
of viruses, including their replication, is completely dependent on the
metabolic activity of the infected cell. Prions are unique proteins that
alter the structure of certain other proteins. The newly changed proteins
in turn acquire prion-type activity, creating a domino effect of protein
alteration. This property of prions renders them infectious. For reproduction, prions, like viruses, are wholly dependent on live cells.
Rickettsiae, chlamidiae and mycoplasmas, on the other hand, are
among the smallest known living organisms, and are very much alive.
The fact that chlamidiae and rickettsiae are obligate intracellular parasites
only means that they have serious metabolic deficiencies. A clear
distinction between living entities and nonliving substances is essential
for a consideration of whether it is possible to go from one state to the
other. For this reason we need to descend into the submicroscopic world
of matter.
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The elemental compositions of living and nonliving matter differ
greatly.4 The actual chemical determination of living matter is done on
“once-living matter”. Before chemists can analyze living matter, they
have to take it apart to isolate its individual components, thereby killing
it. Thus the actual phenomenon of “life” is not amenable to detailed
chemical scrutiny. In the very process of laying hold of isolated “purified”
components of living matter, “life” slips out between the chemists’ fingers,
and what remains is an inert, “lifeless” substance. This is so because
living cells are composed of lifeless, nonliving components. The
implication is that the difference between life and death is a question of
how biomatter is organized. Therefore, it should be possible to reverse
the killing of cells by restoring them to their pre-disruption state. Why
this has not yet been done in the laboratory will be discussed in the next
chapter.
The chemical evolutionary issue can be reduced to answering a
two-part question: 1) Is it conceivable that appropriate types of biomatter
could have emerged on a hypothetical primordial earth; and 2) If these
substances existed, could they have combined to form living matter?
Chemists have obtained valuable information regarding the differences in the composition of “once-living” matter and of “never-living”
substances. Never-living matter — rocks, minerals, air, water, etc. —
consists of small molecules, often with high oxygen content. These
“oxides” are sturdy substances, stable under heat and mechanical stress.
A good example is silicon dioxide — sand, a most abundant gritty stuff.
Living and once-living organic matter, in contrast, is predominantly
constituted from large molecules which contain thousands, or even
millions, of atoms. The oxygen content in these substances is low, but if
oxygen is allowed to interact freely with these molecules, they lose
biological activity. Surrounded by a sea of oxygen, living matter continually
fights the inroads of this element with oxygen-neutralizing mechanisms.
Fragile biomolecules are easily degraded or deformed by heat or mechanical stress.
The large qualitative differences between living and inanimate matter
have been recognized for hundreds of years. Scientists initially thought
that biological material could be produced only by living organisms, so
they called these “organic”. But in 1828 the German chemist Frederich
Wohler accidently produced urea by heating potassium cyanate with
ammonium sulfate. Urea was at that time already recognized as an
animal waste product, definitely “organic” in nature. Scientists quickly
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realized the implications of this breakthrough discovery. The production
of biological matter did not, after all, depend on “life forces”. The term
“organic” was retained to designate all compounds that contain carbon,
with a few exceptions such as carbon monoxide, carbon dioxide, carbides,
carbonates, cyanides and isocyanates.
Although the types of life-forms run into the millions, their general
chemical compositions have important similarities. The gross chemical
composition of the well-studied colon organism Escherichia coli represents the “typical cell” (see Table 2.1).
TABLE 2.1
Components of Escherichia coli Cells3
Component

Percent of
Total Weight

Water
Proteins
Nucleic acids
Polysaccharides
Lipids
Metabolic intermediates
Minerals

70
15
7
3
2
2
1

Molecules
Per Cell
24.3 billion
2.4 million
255 thousand
1.4 million
22 million
many millions
many millions

Number of Different
Kinds of Molecules
1
approx. 4,000
660
3
50-100
800
10-30

The high water content of living matter prompted Dr. Szent-Gyorgyi
to write: “we are a walking aquarium”.5 We need all that water to
enable most chemical transformations of life to take place.
The importance of water for life-processes can be demonstrated
quite dramatically with freeze-dried microorganisms. We can collect
bacteria from growth in a liquid medium in the form of a wet paste.
Rapidly freezing this material and placing it under vacuum causes the
frozen water to leave the bacteria unobtrusively, and the former wet
paste turns into powder. The dried microscopic cells are now in a state
of suspended animation. They are neither alive, nor are they dead. They
can be stored indefinitely in the dried state, without any change in their
status. However, by simply mixing the powder with water and the appropriate nutrients, the dormant cells spring into life once again. In this
procedure we manipulate life on the cellular level by withdrawing an
all-important cellular component. The most remarkable aspect of this
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process is the reversibility of the life-processes by manipulating only
the water content of the cells!
HOW BIOPOLYMERS ARE PUT TOGETHER

The bulk of dry matter in all organisms (more than 90%) is composed
of the biopolymers: proteins, nucleic acids, polysaccharides and lipids.
A common feature of these four classes of substances is that they
contain many repeats of small building-block substances. Very significantly, all chemical linkages between the building blocks are created by
dehydration. That is, the building blocks of all biopolymers are linked by
splitting out water between them. This information is summarized in
Table 2.2.
TABLE 2.2
How the Biopolymers Are Put Together
BIOPOLYMER

BUILDING BLOCK

Protein
Nucleic acid

Amino acid
Nucleotide

Polysaccharides

Monosaccharide
(simple sugar)
Glycerol, fatty acids

Lipids*

CHEMICAL LINKAGE
Peptide bond
N-glycosidic and
phosphodiester bonds
Glycosidic bonds
Ester bonds

*Lipids are not true biopolymers, but they often aggregate to form
large structures, such as membranes. Also, only a single type of
lipid is listed here. In reality, there are many different kinds of lipids,
with diverse compositions.

One of the challenges of chemical evolutionary postulates is to
explain how these biopolymers could arise in a world assumed to be
covered with water. It is a most difficult task to form new chemical
bonds by eliminating water in an aqueous environment!
HOW CAN WE HAVE SO MANY DIFFERENT
KINDS OF PROTEINS?

The bulk of biomatter is made from proteins. These are a most
interesting and versatile class of materials. In each cell there are hundreds
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to thousands of different types of proteins, each with different chemical
and physical characteristics. Such diversity is due to both their great
size (they are composed typically of long strings of amino acids) and to
the fact that any amino acid may be one of twenty different kinds.7
What each protein is capable of doing depends a great deal on the
actual order in which the amino acids are linked. This feature of biology
is similar to a written language.
A word’s meaning depends on the sequence of its letters. We choose
from 26 letters of the English alphabet to make words. An estimated
500,000 different combinations of letters in our language are recognized
as meaningful. With some effort, we could come up with many more
sets of 500,000 combinations of letters that would be nonsensical
(Dr. Seuss started a nice collection of these). Similarly, the millions of
proteins represent only a tiny fraction of all possible combinations of
amino acids.
Misspelling words jeopardizes their meaning. Likewise, for proteins
to function properly their amino acids must follow each other in a correct
order.8 For example, the oxygen-carrying component in our blood —
hemoglobin — is built from 4 separate protein chains, each of which is
a string of 142-146 amino acids. In an inherited illness called “sicklecell anemia”, the gene for one of the protein chains of hemoglobin sends
out incorrect information to the protein-making complex. This results in
placing a wrong amino acid in the sixth position of a specific sequence
of the 146. This alteration is enough to lead to distortion of the red blood
cell, to anemia, to many other problems, and, sadly, to death in many
cases. While not all changes in amino-acid sequences have such drastic
consequences, this somewhat extreme example underscores the importance of the correct order of amino acids for proteins.
The amino-acid sequences of proteins are crucial components of
the biological information content of cells. Proteins themselves are
considered informational biomolecules. But how does the proteinbuilding apparatus know the correct amino-acid sequence for each of
the thousands of different proteins found in the cell?
The answer is that the genes of each cell are libraries containing
just such information. When the cell needs to make a certain type of
protein, it sends a copy of its amino-acid sequence information to the
protein-synthesizing complex. Bacteria, with a thousand different
proteins, have a minimum of a thousand genes. The recent triumph of
obtaining the complete nucleotide sequence of organisms has enabled
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us to count their genes and even to assign a function to many of them.
Table 2.3 shows a compilation for three microorganisms; Haemophilus
influenzae (1743 genes), Mycoplasma genitalium (471 genes) and
Escherichia coli (4288 genes). The first two organisms grow only
inside humans in a nutritionally rich environment. Escherichia coli, on
the other hand, can proliferate independently and may be considered a
free-living organism.
TABLE 2.3
Distribution of Genes by Their Functions in Three Bacterial Cells9
Function
Amino acid metabolism
Biosynthesis of cofactors,
prosthetic groups and carriers
Cell envelope
Cellular processes
Central intermediary metabolism
Energy metabolism
Fatty acid and
phospholipid metabolism
Purines, pyrimidines,
nucleosides and nucleotides
Regulatory functions
Replication
Transcription
Translation

H. influenzae M. genitalium E. coli
68
54

1
5

131
103

84
53
30
105
25

17
21
6
31
6

195
188
188
243
48

53

19

58

64
87
27
141

7
32
12
101

45
115
55
182

From this table it is seen that E. coli requires more than 1500 different proteins for growth. Most of these proteins are biocatalysts —
“enzymes” — that promote specific chemical conversions.
As for the biological functions of the other three classes of biopolymers, nucleic acids are the repositories and transmitters of the genetic
information; lipids segregate the interior of the cell from its environment
and, along with polysaccharides, serve as energy reserves. In microorganisms, polysaccharides also constitute part of the cell’s outer
envelope.
The non-polymeric, small metabolites are only a small portion of
the cell by weight, but their presence is absolutely essential for life-
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processes. In fact, it is the chemical transformations of these compounds
that make life possible. (This topic is explored further in the next chapter.)
Metabolic intermediates represent transitional substances between
precursors and building blocks. Building blocks are used, of course, to
make the all-important biopolymers. These in turn are assembled into
more complex supramolecular assemblies and organelles.
Matter is organized into successively more complex hierarchies in
cells. The logical interdependency among cellular components in the
vertical hierarchy parallels nicely the logical ties that connect letters
with words, words with sentences, sentences with paragraphs, etc., all
the way to the level of a completed manuscript. This concept is illustrated
in Figure 2.1.
LEVEL NUMBER

COMPONENTS

AN ANALOGY

Carbon dioxide, water, ammonia

1)

Precursors

2)

Building
blocks

Amino
acids

Monosaccharides

Nucleotides

Fatty acids
+ glycerol

3)

Polymers

Proteins

Polysaccharides

Nucleic
acids

Lipids

4)

Supramolecular
assemblies

Enzyme complexes, ribosomes, etc.

4) Paragraphs

5)

Organelles

Membranes, nuclei, mitochondria, etc.

5) Chapters

6)

Cell

Cell

1)

Letters

2)

Words

3) Sentences

6)

Book

FIGURE 2.1. Organization of matter in the cell.

A crucial difference between biomatter and written material, however, is that the degree of tolerance for error is much smaller in biology.
If words are misspelled, sentences are garbled, paragraphs do not hang
together, or even if entire chapters are missing from a manuscript, the
document may still be partially useful. But given the tight functional
interdependence of its components from precursors and biopolymers,
cells are in trouble with less than a full complement of all their parts.
Each living cell contains thousands of different kinds of substances,
present in multiple copies, and sequestered, in the case of a bacterium,
in a volume of a few cubic micrometers (see Table 2.1).
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At the level of supramolecular assemblies and above, the various
strands in Figure 2.1, which represent classes of biopolymers, are intertwined into increasingly complex entities. The biological information in
the genetic material and in the many protein molecules becomes a coherent whole somewhat the way paragraphs support each other in a
good story. The “story” in this case is the life of the cell.
Besides vertical interdependence, there is also a horizontal complementation among the components. One illustration of this interdependence is that the manufacture of proteins requires nucleic acids and,
conversely, nucleic acids cannot be made without proteins. This circular
relationship between proteins and nucleic acids from a chemical evolutionary viewpoint resembles the classic “chicken and egg” problem.
SUMMARY OF CHAPTER 2

1. Although there are many differences between living organisms
and inanimate matter, in an unfamiliar setting it may be difficult
to distinguish between them. On Earth the lines of demarcation
between living organisms and inanimate matter are clear.
2. The chemical makeup of living matter consists of large amounts
of biopolymers and smaller amounts of metabolites in an aqueous
setting.
3. Living matter is organized into hierarchies, with the components
being organizationally interdependent in both the vertical and
the horizontal dimensions.
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